Treponema denticola is a helically shaped microorganism isolated from the human periodontal region (29, 30) and dermatitis lesions in cattle (4) . Increased levels of the organism parallel the destruction of periodontal tissue. In addition, several potential virulence factors, such as an immunosuppressive factor (21, 48) , proteolytic activity (32, 35, 43, 52, 53) , and attachment factors (8, 19) , are expressed by the organism. These observations suggested that this microorganism is potentially a pathogen involved in periodontitis.
Proteases are considered to be significant pathogenic factors in periodontal disease. Several proteases or peptidases of T. denticola have been described, and their pathogenic effects have been characterized (32-35, 43, 52, 53) . Of these enzymes, a prolyl phenylalanine-specific protease (dentilisin; also called chymotrypsin-like protease) has a broad substrate specificity, including bioactive peptides (23, 34, 53) . In addition, this enzyme is cytotoxic for human epithelial cells (52) . These results suggested that the protease is a major pathogenic factor of T. denticola. The purified protease consists of three proteins (23, 37, 53) , and activity was lost when the complex was dissociated (23) . Several reports have also indicated that high-molecularmass cell surface oligomeric proteins are expressed in T. denticola and were detected by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (6, 58) . A 53-kDa major outer sheath protein (Msp) was also observed in an oligomeric form (11, 54) . Recently, the DNA sequence of the major surface protease was determined (23) . The protease is approximately 100 kDa under nonreducing conditions. However, it dissociated to 72-, 43-, and 38-kDa proteins on SDS-PAGE. The sequences of the 43-and 72-kDa proteins indicated that the open reading frames of the two proteins are tandemly oriented. The results of a homology search indicated that the 72-kDa protein is a protease with a molecular weight of 77,471. In the present study, we constructed a prtP-deficient mutant in order to determine the physiological role of the protease in the expression of cell surface proteins and its potential role in virulence.
MATERIALS AND METHODS

Microorganisms and plasmids.
The microorganisms and plasmids used in this study are listed in Table 1 . T. denticola ATCC 35405 was propagated in TYGVS medium (43) , while Porphyromonas gingivalis and Fusobacterium nucleatum were maintained on Tripticase soy agar (Becton Dickinson and Company, Cockeysville, Md.) containing 10% defribrinated horse blood, 5 g of hemin per ml, and 0.5 g of menadione per ml. The bacteria were incubated at 37°C under anaerobic conditions as described previously (22) .
Escherichia coli HB101 was used to construct plasmids for isolation of the prtP mutant. Strain HB101 was grown on Luria-Bertani agar plates or in LuriaBertani broth. Plasmids were maintained in cultures containing the following antibiotics: pMCL191, pDLCK3, and pKO3, 30 g of chloramphenicol per ml; PCR II and pTA2, 100 g of ampicillin per ml.
Construction of the prtP mutant. The process for construction of the prtP mutant is illustrated in Fig. 1 . The sequence of mature prtP was amplified by the PCR with synthetic oligonucleotide primers (prtP forward primer, 5Ј-CGGTCT GACAGACGGTAATTATTTGG-3Ј; prtP reverse primer, 5Ј-ACGGATCCCC TGTAAACCGTAACTC-3Ј) as described previously (23) . The amplified fragment was inserted into pCR II (Invitrogen, San Diego, Calif.) according to the supplier's instructions. An EcoRI-BamHI fragment containing the prtP gene was isolated from the resulting plasmid and ligated to pMCL191 (41) . The plasmid obtained was designated pDLCK3. An ermF-ermAM cassette (13) was isolated from plasmid pVA2198 following KpnI-PstI digestion and inserted into pDLCK3. The resulting plasmid, pKO3, was linearized following EcoRI and BglII digestion and used in electroporation (28) . T. denticola ATCC 35405 was inoculated into 500 ml of TYGVS medium and incubated for 3 days as described above. Cells were placed on ice for 15 min, washed with 500 ml of ice-cold distilled water, and centrifuged at 4,000 ϫ g for 10 min. Cells were resuspended in 250 ml of ice-cold distilled water, centrifuged, and resuspended in 10 ml of ice-cold distilled water containing 10% glycerol. After centrifugation, the cells were suspended in 1 ml of 10% glycerol. Eighty microliters of competent cells (approximately 5 ϫ 10 10 cells) was mixed with 10 g of linearized pKO3. Competent cells were electroporated as previously described (28) and mixed with 2 ml of TYGVS medium. After the cells were incubated for 24 h under anaerobic conditions, 1 ml of the culture was mixed with 35 ml of TYGVS medium containing 0.8% agarose (TYGVS plates) and 40 g of erythromycin per ml. The resulting plates were incubated for 4 to 8 days under anaerobic conditions. After incubation, individual colonies were isolated with a capillary pipette and reinoculated into TYGVS medium containing 40 g of erythromycin per ml. One mutant, designated K1, was selected for further evaluation.
Growth rate of the mutant. Cultures of T. denticola ATCC 35405 and mutant K1 were adjusted to an absorbance of 0.2 at 660 nm in TYGVS medium, and 1.0 ml of each was inoculated into 100 ml of TYGVS medium and incubated at 37°C under anaerobic conditions. Growth rates were determined by measuring the absorbance at 660 nm and by use of a Petroff-Hauser bacterial counting chamber.
Southern blot analysis. Genomic DNAs from T. denticola ATCC 35405 and K1 were isolated and hybridization was performed as described previously (22) . Briefly, chromosomal DNA from T. denticola was digested with HindIII, electrophoresed through 1.0% agarose gels, denatured, and transferred to Hybond-Nϩ paper by capillary transfer (49 Assays of dentilisin activity of the mutant. Proline-phenylalanine-specific protease activity was measured with the synthetic substrate N-succinyl-L-alanyl-Lalanyl-L-prolyl-L-phenylalanine p-nitroanilide (SAAPNA; Sigma Chemical Company, St. Louis, Mo.). The cells were disrupted by sonication (Branson, Danbury, Conn.) at 100 W for 5 min on ice. Insoluble material was removed by centrifugation at 8,000 ϫ g for 20 min. The protein concentration of the sonicate was determined by the DC protein assay (Bio-Rad Laboratories, Hercules, Calif.). A 5-l aliquot of sonicate was mixed with 150 l of 100 mM Tris-HCl buffer (pH 8.0) containing 1.0 mM SAAPNA. The mixture was incubated at 37°C for 15 min, and the reaction was stopped by the addition of 50 l of 20% acetic acid. The release of p-nitroaniline was determined by measuring its absorbance at 405 nm. One unit of enzyme was defined as the amount required to release 1.0 mol of p-nitroaniline in 1 min at 37°C under these conditions.
Hydrolysis of fibronectin (Sigma) was performed as described before (23) . Samples containing 10 g of fibronectin were incubated with 2 g of the sonicate of T. denticola for 6 h at 37°C. Reaction mixtures were subjected to SDS-PAGE analysis, and the protein bands were stained with Coomassie brilliant blue R-250.
Antisera. Rabbit antiserum against T. denticola ATCC 35405 whole cells and rabbit antiserum against dentilisin were prepared as described previously (23) . Rabbit antiserum against T. denticola ATCC 35404 Msp was kindly provided by T. Umemoto (Asahi University, Gifu, Japan).
SDS-PAGE and immunoblot analyses.
Wild-type cells and cells of the prtP mutant were examined by SDS-PAGE with or without 1 M serine protease inhibitor phenylmethylsulfonyl fluoride (PMSF) by use of the discontinuous system of Laemmli (26) . Proteins (10 g) were separated on a 10 to 20% gradient resolving gel (Daiichi-Kagaku, Tokyo, Japan). Cells or sonicates were treated either at 100°C for 5 min or at 4°C overnight in the presence of ␤-mercaptoethanol. Protein bands were visualized by staining with Coomassie brilliant blue R-250.
For zymography, the cells were incubated overnight with SDS sample buffer at 4°C and the mixtures were separated by SDS-6% PAGE with gels containing 200 g of gelatin per ml. After electrophoresis, the gels were incubated in 100 mM Tris-HCl buffer (pH 8.0) for 1 h and stained with Coomassie brilliant blue R-250.
For immunoblot analysis, 2 g of proteins from treponemal cells was electrophoresed as described above and transferred by the method of Towbin et al. (51) with a Transblot cell (Bio-Rad). The blotted membranes were immunostained with rabbit antidentilisin serum (23), anti-T. denticola ATCC 35405 whole-cell serum, or anti-T. denticola ATCC 35404 Msp serum. Antibody bound to protein immobilized on the membranes was detected with peroxidase-conjugated goat anti-rabbit immunoglobulins (Bio-Rad).
Coaggregation assays. Coaggregation was determined by a modification of the method of Cisar et al. (5) . Briefly, cells were washed with phosphate-buffered saline (pH 7.2) and suspended in coaggregation buffer (1 mM Tris-HCl buffer containing 0.1 mM CaCl 2 , 0.1 mM MgCl 2 , 0.02% NaN 3 , and 0.15 M NaCl). All suspensions were adjusted to an optical density of 2.0 at 660 nm with a U2000 spectrophotometer (Hitachi, Tokyo, Japan). Aliquots of 500 l from each bacterial suspension and coaggregation partner suspension were vortexed for 10 s, allowed to stand at room temperature for 1 h, and visually scored for coaggregation. Tubes containing each cell suspension alone were included as controls. When the bacterial suspensions autoagglutinated, the tubes were mixed again, and the existence of coaggregated cells was reexamined. Coaggregation was confirmed by phase-contrast microscopy. Briefly, the mixtures were allowed to stand at room temperature overnight, and an aliquot was gently vortexed and placed between a glass slide and coverslip for visual confirmation of coaggregation.
Determination of hydrophobicity. Evaluation of cell hydrophobicity was carried out as described by Rosenberg et al. (46) 4 ⅐ 7H 2 O, 0.2 g) were adjusted to an optical density of approximately 0.5 at 400 nm. Duplicate samples of bacterial suspensions (1.2 ml) in PUM buffer were placed in 10-by 70-mm glass tubes, and 600 l of hexadecane (Sigma) was added. The tubes were vigorously vortexed for 60 s and allowed to stand for 15 min, after which the A 400 of the aqueous phase was measured. The percent hydrophobicity was calculated as follows: [(A 400 before mixing Ϫ A 400 after mixing)/A 400 before mixing)] ϫ 100. Each isolate was assayed twice, and the values obtained were averaged.
Evaluation of pathogenicity of the mutant. Virulence was assessed with a mouse abscess model described by Kesavalu et al. (24) . Briefly, T. denticola ATCC 35405 and K1 were grown for 72 h under anaerobic conditions as described above and harvested. Cells were resuspended in phosphate-buffered saline (pH 7.2) and quantitated with a Petroff-Hauser bacterial counting chamber. Twenty-two BALB/c mice (6 to 8 weeks old) were separated into two groups and challenged subcutaneously (s.c.) on the posterior dorsolateral surface with 200 l (3 ϫ 10 9 cells) of ATCC 35405 or K1 cell suspension. Following challenge, the animals were examined at least once daily for 14 days for lesion formation, and the size of each lesion was measured with a caliper gauge. At 3 and 5 days after s.c. challenge, the mice were euthanatized by CO 2 asphyxiation, and the contents of each abscess were aspirated with a syringe after disinfection of the lesion skin with ethyl alcohol. The viability of the spirochetes was evaluated by dark-field microscopy and inoculation on TYGVS plates under anaerobic conditions.
Statistical analysis. Statistical differences in lesion area were determined by the Mann-Whitney U test.
RESULTS
Construction of the dentilisin-deficient mutant. To determine the role of dentilisin in the physiology of T. denticola, an isogenic mutant defective in the prtP gene was constructed by allelic exchange mutagenesis (Fig. 1) . The 2.1-kbp ermF-ermAM cassette was cloned into the KpnI-PstI site of plasmid pDLCK3. The recombinant plasmid was then linearized with EcoRI and BglII and electroporated into T. denticola ATCC 35405. Since the plasmid was linearized, erythromycin-resistant transformants could arise as a result of a double-crossover event between the regions flanking the erm cassette and the wild-type gene on the chromosome. This event would result in the replacement of the central Kpn-PstI fragment of the prtP gene with a fragment conferring erythromycin resistance.
We obtained 24 Em r colonies following 7 days of incubation. The efficiency of the recombination event was approximately 1.2 colonies per g of DNA. We isolated seven of the putative mutants and designated them K1 to K7. The growth rate of the mutants was the same as that of the wild type in TYGVS medium. The mutants also exhibited pronounced autoaggregation activity in TYGVS medium at the stationary phase. To confirm the predicted recombination event, Southern blot analysis was carried out (Fig. 2) . A 3.3-kbp band was observed for wild-type strain ATCC 35405 when the KpnI-PstI fragment from the prtP gene was used as a probe (Fig. 2, lane 1) . Since the KpnI-PstI fragment was replaced with the ermF-ermAM cassette in the transformants, no positive band was observed in Em r transformant K1 when the KpnI-PstI fragment was used as a probe (Fig. 2, lane 2) . When the ermF-ermAM cassette was used as a probe, no band was observed for the wild-type cells (Fig. 2, lane 3) . Since the ermF-ermAM cassette contains a single HindIII site, two bands (2.0 and 2.5 kbp) were observed 3) and prtP mutant K1 (lanes 2 and 4) were digested with HindIII and hybridized with a digoxigenin-labeled KpnI-PstI fragment from the prtP gene (lanes 1 and 2) (Fig. 2, lane 4) when the ermF-ermAM cassette was used as a probe. Likewise, the sizes of the amplified fragments of wild-type T. denticola and mutant K1 in PCR with the prtP forward and reverse primers were approximately 2 and 4 kbp, respectively (data not shown). These data suggested that the predicted recombination event had occurred, resulting in the interruption of the wild-type protease gene by the antibiotic resistance gene cassette. Identical results were observed for the other mutants, and one mutant, K1, was chosen for further analysis.
Proteolytic activity of mutant K1. The proteolytic activities of whole cells and sonic extracts from T. denticola ATCC 35405 and K1 were assayed with the synthetic chymotrypsin substrate SAAPNA. Wild-type T. denticola ATCC 35405 exhibited SAAPNA-hydrolyzing activity (1.0 ϫ 10 Ϫ4 Ϯ 0.020 ϫ 10 Ϫ4 U/1.1 ϫ 10 9 cells) whereas K1 displayed little SAAPNA-hydrolyzing activity (0.010 ϫ 10 Ϫ4 Ϯ 0.012 ϫ 10 Ϫ4 U/1.1 ϫ 10 9 cells) in whole cells. Zymography with gelatin as a substrate (Fig. 3) indicated that a proteolytic band of approximately 100 kDa could be readily detected for wild-type strain ATCC 35405 but that this band was absent in mutant K1. The wild-type strain also hydrolyzed fibronectin, while mutant K1 did not (data not shown). The zymography data indicated that K1 was missing the predicted proteolytic band of approximately 100 kDa corresponding to the chymotrypsin-like protease activity of T. denticola (53) .
SDS-PAGE and immunoblot analyses of the mutant.
The results of SDS-PAGE analysis of the proteins expressed by the wild type and mutant K1 are shown in Fig. 4 . In unheated samples, high-molecular-mass oligomeric proteins of 180 to 200 kDa were observed in the wild type (Fig. 4, lanes 1 and 5) , and smaller amounts of low-molecular-mass proteins were also observed (lane 5). Pretreatment with PMSF, which prevents proteolysis in SDS-PAGE analysis (57) , increased the intensity of the bands smaller than 100 kDa (Fig. 4, lane 1) . On the other hand, the 180-to 200-kDa oligomeric proteins were less intense in the mutant with or without PMSF pretreatment (Fig.  4, lanes 2 and 6) . The 78-kDa band was observed only in the mutant and not in the wild type. Boiling the samples resulted in alterations in the protein profiles for the wild-type and mutant cells. In the K1 mutant, multiple bands were combined around the position of Msp. The results of immunoblot analysis with antidentilisin antibody further indicated that antidentilisin serum reacted with a 72-kDa protein in boiled samples of the wild-type strain. However, this protein band was not observed in the prtP mutant extracts (Fig. 5) .
It was previously reported that a high-molecular-mass oligomeric protein consisted of polymers of Msp (11, 54) . We analyzed the antigenic proteins with antiserum against T. denticola ATCC 35405 whole cells (Fig. 6 ). In the wild-type strain, the oligomeric protein band was observed from about 180 to 230 kDa with or without PMSF treatment (Fig. 6, lanes 1 and 5) , but the reactivity of the antibody with the oligomeric protein from the mutant was decreased (lanes 2 and 6). Boiled samples of both strains contained the 53-kDa Msp and a similar band pattern below Msp. However, the 68-, 70-, 131-, 175-, and 200-kDa bands were observed only in unboiled samples of the mutant (Fig. 6, lanes 3 and 4) . We also analyzed the size of Msp in unboiled and boiled samples with antiserum against T. denticola ATCC 35405 Msp. This serum showed reactivity with both T. denticola ATCC 35404 and T. denticola ATCC 35405 Msp (data not shown). As Fig. 7 indicates, anti-Msp serum reacted with 178-to 224-kDa oligomeric proteins in unboiled samples of wild-type cells. On the other hand, the corresponding bands appeared faint and a weak band was observed at 83 kDa in mutant cells. An Msp of 53 kDa was observed in boiled samples of both the wild type and the mutant. These results indicated that Msp was expressed in both the wild type and mutant K1 but that in the mutant the ability of the organization of the high-molecular-mass oligomeric protein decreased.
Hydrophobicity measurements. Previous data suggested that the hydrophobicity of bacterial cells is sometimes correlated with colonization properties which may be relevant to the oral cavity (39) . To determine the relationship between dentilisin and the cell surface architecture of T. denticola, the cell surface hydrophobicities of T. denticola wild-type and mutant K1 cells were compared. The cell surface hydrophobicity was dramatically decreased in the prtP mutant (23.0% Ϯ 11.9%) compared with the wild type (60.0% Ϯ 3.71%).
Coaggregation activity between T. denticola and other oral bacteria. T. denticola was previously reported to coaggregate with P. gingivalis and F. nucleatum (17, 25, 44) . To determine if the alteration of cell surface hydrophobicity following inactivation of the prtP gene influenced such interactions, the coaggregation reactions of the wild-type and mutant cells were evaluated ( Table 2 ). The mutant exhibited autoaggregation activity in TYGVS medium but did not exhibit autoaggregation activity in coaggregation buffer. The coaggregation reaction between T. denticola K1 and F. nucleatum ATCC 25586 was enhanced relative to that of the wild-type strain. In fact, the interaction between wild-type strain ATCC 35405 and F. nucleatum ATCC 25586 was relatively weak. The coaggregation score for T. denticola K1 and P. gingivalis was not different from that of the wild-type strain, but a significant rapid coaggregation reaction was observed. Pretreatment of T. denticola cells with PMSF just prior to the reaction did not alter either coaggregation reaction.
Virulence of the prtP mutant in the mouse abscess model system. To evaluate the effects of the surface structure alterations displayed by mutant K1 on the virulence of the microorganism, the wild-type and mutant strains were injected s.c. into the posterior dorsolateral surface of two groups of mice (Fig. 8) . The lesion areas of the group infected with the prtP mutant were smaller than those of the group injected with the wild type over a 3-to 14-day period after infection (days 3, 6, 9, 10, 11, 12, 13, and 14, P Ͻ 0.001; days 4, 5, and 8, P Ͻ 0.05). T. denticola ATCC 35404 and K1 were detected by microscopy following aspiration of samples of the abscesses at days 3 and 5. We also isolated on TYGVS plates viable T. denticola ATCC 35405 and K1 from the abscesses at days 3 and 5. No gross pathology of the animals was detected over this time period. However, the animals were not examined for any internal organ damage. The stability of the prtP mutation was not assessed, since the double-crossover recombination event used to construct mutant K1 should result in a stable mutation in the absence of antibiotic selection pressure.
DISCUSSION
Several reports on the proteases of T. denticola have appeared in the literature (1, 23, 31, 32-35, 38, 43, 45, 53) . One of these proteases, dentilisin, is present in the outer sheath of the organism (23) . Dentilisin has been proposed to participate in the adhesion of the microorganism to epithelial cells (27) , to interfere with the host immune response (53) and infiltration of the tissues (18) , and to have cytotoxic effects on human epithelial cells (52) . Therefore, this protease may be involved in the etiology of periodontal diseases. a 0, no change in turbidity and no visible coaggregates; 1, finely dispersed coaggregation in a turbid background; 2, definite coaggregation without immediate settling; 3, formation of large settling coaggregates with a slightly turbid supernatant; 4, large coaggregates settling immediately, leaving a water-clear supernatant.
T. denticola. It has been suggested that proteases play a role in the formation of the surface layer of some bacteria. For example, the activity of the protease Arg-gingipain is required for the maturation and expression of the fimbriae of P. gingivalis (42, 50) . It has been demonstrated that there is an outer sheath surrounding T. denticola and other spirochete cells (20) and that the sheath contains high-molecular-mass oligomeric proteins (6, 55, 58) . Masuda and Kawata (36) reported that a major protein component was observed in the outer sheath. Weinberg and Holt (58) reported that oligomeric proteins were observed in the outer sheath of T. denticola and were not dissociated with sarcosine extraction. Furthermore, Fenno et al. (11) determined the DNA sequence of the gene expressing Msp, the major protein of the outer sheath, and stated that Msp in its native form is an oligomeric protein of 150 to 200 kDa. Nevertheless, in the case of recombinant Msp, an oligomeric form could not be detected. Therefore, it is possible that the proteases in the outer sheath play a role in organizing high-molecular-mass oligomeric proteins. As a result, in the present study, by use of a defective strain of T. denticola that did not express the dentilisin following site-specific mutagenesis, it was possible to assess the role of dentilisin in the pathogenicity of this microorganism and the conversion of Msp into its normal oligomeric form in the outer sheath.
When the dentilisin-deficient mutant, K1 was compared with the wild-type strain by means of SDS-PAGE, it was found that a high-molecular-mass oligomeric protein was present in the wild-type strain in unboiled samples but that in the K1 mutant there was a marked decrease in the size of this complex. This finding suggests that dentilisin plays a role in the formation of the oligomeric complex. Dentilisin may serve as a component of the oligomeric complex or may contribute to the formation of the oligomeric complex via processing of another protein.
On the basis of the results of zymography, which revealed no protease activity associated with the high-molecular-mass oligomeric protein complex, it is unlikely that dentilisin is a component of this complex with Msp. Immunoblotting with a polyclonal antibody against strain ATCC 35405 whole cells showed that there was less high-molecular-mass oligomeric protein in the unboiled samples of the mutant strain than in those of the wild-type strain. However, in the boiled samples, the size and amount of Msp were the same in both strains. This result suggests that Msp does not require processing by dentilisin. The 83-kDa protein was weakly observed in the PMSF-treated wild-type strain. It is possible that in the dentilisin-deficient mutant, Msp associated with an 83-kDa complex but not with higher-molecular-mass complexes. Fenno et al. (12) suggested that the amino acid sequence of Msp resembled those of bacterial porins and that the protein exhibited properties consistent with this proposal (37) . It is possible that in the K1 mutant, part of Msp associated with the 83-kDa complex because of the formation of porins (high-molecular-weight oligomers) or because of autodegradation. This suggestion may indicate that dentilisin assists in the formation of high-molecular-mass oligomeric proteins. Sela et al. (47) analyzed the lipoproteins of T. denticola and reported that Msp is also a lipoprotein. Cox et al. (7) proposed a model in which the N-terminal portions of the mature polypeptides of Treponema pallidum are inserted into lipid sites of the cytoplasmic membrane. We propose that dentilisin assists in the formation of high-molecular-mass oligomeric proteins by a mechanism which has not been determined.
The ability of bacteria to adhere to cell surfaces is a fundamental aspect of their pathogenicity. Surface hydrophobicity has been reported to contribute to bacterial adhesion (15) . In the present study, we demonstrated that there was a distinct decrease in cell surface hydrophobicity in the dentilisin-deficient mutant. The result of immunoblotting with an antiserum against T. denticola ATCC 35405 whole cells indicated that the oligomeric protein band was observed from 180 to 230 kDa. This change may have been caused by the loss of dentilisin activity. The change in hydrophobicity was paralleled by the observed decreased concentration of the high-molecular-mass oligomeric protein band in unboiled samples in mutant K1 and the increased concentration of additional bands. These results suggest that the hydrophobicity of T. denticola is influenced by the high-molecular-mass proteins of the outer sheath.
Some microorganisms in the oral cavity undergo coaggregation reactions and may colonize the oral cavity following interaction with early-colonizing bacteria. Some of these intraoral bacteria possess cryptic receptors (cryptitopes) (16) whose function is related to their colonization. T. denticola has been reported to coaggregate with F. nucleatum and P. gingivalis (17, 25, 44) . The strong coaggregation of P. gingivalis with T. denticola was given a score of 3, in contrast to the data reported earlier by Grenier (17) . This difference may result from the use of higher cell numbers in the present study than in the earlier study. Kolenbrander et al. (25) reported visible coaggregation between F. nucleatum and T. denticola ATCC 35405. The reaction varied depending upon the strain of F. nucleatum examined. An increase in aggregation may reflect differences in the expression of surface receptors between the strains. It is possible that dentilisin digests the surface proteins of the microorganisms and exposes cryptitopes. However, our observations indicated that coaggregation was strengthened in a dentilisin-deficient strain of T. denticola. Grenier (17) , on analyzing the coaggregation mechanisms of T. denticola and P. gingivalis, demonstrated that chymotrypsin and trypsin treatments reduced the degree of coaggregation and suggested that this result was due to the degradation of receptor protein. In our study, coaggregation activity was not decreased by PMSF treatment, indicating that dentilisin did not affect coaggregation activity. Coaggregation activity did not decrease in the dentilisin-deficient mutant, although the hydrophobicity of the cells in the mutant decreased. This result indicated that hydrophobicity did not play a role in coaggregation between T. denticola and F. nucleatum or P. gingivalis. The decrease in the hydrophobicity of the K1 mutant may reflect the change in surface structure. This change may increase the exposure of the receptor protein for its coaggregation reaction with P. gingivalis and F. nucleatum.
It has been suggested that surface structures such as capsules, the S-layer, and the outer sheath contribute to the pathogenicity of microorganisms (10, 11, 14, 56) . In this regard, Msp, the major protein of the outer sheath of T. denticola, exhibits fibronectin adhesiveness (11), cytopathogenicity for host cells (37) , and pore formation in artificial membrane systems (9) . On the other hand, dentilisin exhibited a cytopathic effect for epithelial cells. We demonstrated that when mice were inoculated s.c., strain ATCC 35405 produced larger lesions than did dentilisin-deficient mutant K1. No significant differences could be detected in the structures of the outer sheaths by electron microscopy (data not shown), while both the cellular protein profile and the cell surface hydrophobicity of the mutant were altered. The ultrastructure of the outer sheath of mutant K1 was not visibly different from that of the wild type when both were viewed by transmission electron microscopy. The results from SDS-PAGE analysis revealed that the concentration of the high-molecular-mass oligomeric protein complex decreased in the mutant but was still detectable. Therefore, the decreased level of the complex may still have been sufficient to maintain the structure of the cell surface in mutant K1. In addition, immunoblot analysis indicated that Msp was not degraded by dentilisin.
The major components of the outer sheath appear to be lipid material and Msp (58) . Therefore, these latter components may be sufficient to maintain the outer surface of spirochetes, at least as far as can be detected by such analysis. The decreased virulence displayed by mutant K1 may directly result from a decrease in dentilisin activity, from alterations in the expression of the high-molecular-mass oligomeric complex containing Msp in the outer sheath of T. denticola, or from a decreased growth rate in vivo. As the results indicated that the growth rate of the mutant was the same as that of the wild type, protease activity and Msp are major factors in the change in pathogenicity. The multiple defects of the dentilisin-deficient mutant make it difficult to clearly explain the molecular bases for virulence attenuation. However, the isolation of a dentilisin-deficient mutant now makes it possible to genetically analyze the role of proteases in oral spirochete pathogenicity.
